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QUANTITATIVE CYTOARCHITECTURE AND DISTRIBUTION 
OF INHIBITORY NEURONS IN THE POSTERIOR ORBITOFRONTAL 
CORTEX OF THE HUMAN BRAIN 
JULIED FERNANDA BAUTISTA ALVAREZ 
ABSTRACT 
Damage to the orbitofrontal cortex (OFC) is often accompanied by disorders 
in personality, mood and social behavior.  The purpose of this thesis was to study 
the cellular composition and architecture of this very complex and functionally 
important area. The posterior part of the OFC (pOFC) has the most multimodal 
circuits of the OFC and robust connections with the amygdala, a key center of the 
brain for emotions. Moreover, because cortico-cortical connections can be 
predicted on the basis of architectonic features, analyzing the cytoarchitecture of 
this area is important in order to understand its connections and functions.  
Previous descriptions show that the architecture throughout the OFC varies 
along two major gradients of laminar differentiation. These gradients show that 
the size of layer IV decreases medially and posteriorly and that the most medial 
and posterior areas lack layer IV and are agranular. In this study we analyzed the 
transitional dysgranular cortex, which has a narrow layer IV, and lies between the 
anterior granular cortices, with well-developed layer IV, and the posterior 
agranular areas. For that purpose, three regions of interest (ROIs) along the 
mediolateral axis of the transitional pOFC were delineated: lateral, central, and 
medial. We used unbiased systematic sampling in our ROIs to estimate the 
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densities of neurons, astrocytes, oligodendrocytes and microglia. We also 
estimated the densities of three classes of inhibitory neurons that are identified by 
the expression of calcium-binding proteins (calretinin, parvalbumin, and 
calbindin).  
We also found that neurons labeled for calretinin are the most common 
inhibitory neuron class. The density of calretinin labeled neurons in the 
transitional dysgranular part of pOFC also increases from medial to lateral at a 
comparable rate to the entire population of neurons.  
Parvalbumin and calbindin neuron densities also increase from medial to 
lateral, but the difference is less pronounced. Our findings show that, despite the 
density gradient from medial to lateral, the proportion of CR, PV, and CB neurons 
is comparable across the three ROIs. This shows that there is a balance of 
excitation and inhibition along the transitional dysgranular part of the pOFC, 
which is functionally important because it has been shown to be affected in 
disorders like autism.  
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1. Introduction 
The orbitofrontal cortex leans on the upper wall of the orbit. Individuals 
who suffer damage to the OFC are often deemed impulsive. The most famous 
example is the case of Phineas Gage who experienced severe damage in the 
orbitofrontal cortex, when a long iron rod went straight through his skull after an 
explosion. This lesion provoked changes in his personality. Before the incident he 
was regarded as capable and efficient, and following his recovery people around 
him described him as “no longer Gage”, he became impatient, uttered “the grossest 
profanity”, and was unable to stick to plans (Damasio, 1994). 
Gage’s case showed the relevance of the OFC. Studies in humans and in non-
human primates have also shown the significant role of the OFC in affective and 
motivational behavior, as well as in inhibitory control and decision-making 
processes. Lesions of the OFC in humans are also accompanied by disorders in 
personality, mood and social behavior. Furthermore, abnormal neuronal and glial 
cytoarchitecture in the OFC and in the dorsolateral PFC has been observed in the 
brains of patients who suffered from major depression (Rajkowska et al., 1999). 
1.1 Description of the Orbitofrontal cortex 
1.1.1 Gross anatomy of the orbitofrontal cortex   
The OFC forms the base of the frontal lobe that lies on top of the orbit and 
it is primarily demarcated by four gyri: 1) the medial orbital gyrus (3 in Fig. 1); 2) 
the anterior orbital gyrus (9 in Fig. 1); 3) the posterior orbital gyrus (10 in Fig. 1); 
and 4) the lateral orbital gyrus (11 in Fig. 1) (Petrides & Mackey, 2006). 
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Fig. 1. Sketch of the principal sulci and gyri in the human orbitofrontal cortex 
1: Gyrus Rectus (GR) 2: Olfactory Sulcus (OLFS) 3: Medial Orbital Gyrus (MOG) 4: Rostral 
ramus of the Medial Orbital sulcus (MOSr) 5: Caudal ramus of the Medial Orbital sulcus 
(MOSc) 6: Transverse Orbital Sulcus (TOS) 7: Caudal ramus of the Lateral Orbital sulcus 
(LOSc) 8. Rostral ramus of the Lateral Orbital sulcus (LOSr) 9. Anterior Orbital Gyrus 
(AOG) 10. Posterior Orbital Gyrus (POG) 11. Lateral Orbital Gyrus (LOG). 
 
1.1.2 Cytoarchitecture 
Brodmann divided the OFC into areas 47 and 11/13 in his cytoarchitectural 
map of the human cerebral cortex in 1909 [Fig. 2A (Brodmann, 1909/1999)].  
 
Fig. 2. Cytoarchitectural maps of the human prefrontal and orbitofrontal 
cortices. (A) Cytoarchitectural map of the prefrontal cortex (Brodmann 1909). (B) 
Cytoarchitectural map of the orbitofrontal cortex (Economo and Koskinas 1925). 
 
Brodmann mentioned that these two areas have differences, and that they 
themselves can be subdivided. In 1925, Economo and Koskinas published their 
cytoarchitectonic map [Fig. 2B (von Economo & Koskinas, 1925/2008)], which 
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portrays areas 11/13 as FF. They observed that this region had a small granular 
layer IV, or lacked one altogether in caudal and medial territories, as can be seen 
in its subdivision, FFa. They also described FF as granular anteriorly and laterally. 
In 1949, Beck described the cytoarchitectural boundaries of areas 13, 47 and 
14 in the human brain. She recognized two areas along the gyrus rectus and named 
them area recta anterior and area recta posterior. The former is on the anterior 
part of the gyrus rectus and has a narrow internal granular layer, and the latter is 
located on the posterior part of the gyrus rectus and is described as an agranular 
subdivision of area anterior, as can be seen in fig. 3. Most importantly, Beck 
concludes that in these areas “the change from granular to agranular cortex is not 
a sudden one, but that takes place over a fairly extensive transitional zone in which 
the internal granular layer becomes gradually narrower”. Beck also mentions that 
area 13 can be referred to as an agranular subdivision of area 11. Area 13 is located 
on the posterior third of the medial orbital gyrus and area 11 covers the cortex of 
the anterior two-thirds of the MOG. She observed that area 13 has similar 
characteristics to those of area 11, and that the gradual transition from granular to 
agranular is smaller than the one seen between recta anterior & posterior. This 
transition, according to Beck, occurs between the middle and posterior third of the 
MOG. She also described area 47 anterior and posterior, the former covers the 
lateral and middle orbital gyrus on the inferior orbital convolution, and the latter 
is located on the most posterior part of the lateral and middle orbital gyri. Beck 
concludes that area 47 anterior has a dense and demarcated layer IV, while area 47 
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posterior is its agranular subdivision. She notes that the transition that exists 
between these two areas is wider than the one observed between recta anterior & 
posterior, and areas 11 & 13, and agranular cortex is only found in the most 
posterior region. As summarized in the figures by Beck (1989) shown below, the 
internal granular layer IV becomes gradually greater in width and more distinct in 
the anterior areas of the OFC (Beck, 1949). 
 
Fig. 3 Cytoarchitectural diagrams of the human orbitofrontal cortex with 
labeled sulci and gyri (Beck 1949). (A) Sketch of the orbitofrontal cortex with labeled 
areas. (B) Diagram of the orbitofrontal cortex indicating the amount of agranular cortex 
(grey region) and principal sulci and gyri. 
 
Barbas and Pandya (1989) identified two cytoarchitectural trends in the 
monkey’s PFC that can be traced from the limbic periallocortex (PAll), which lacks 
layer IV and is agranular, towards proisocortical (Pro) areas, which have 
rudimentary layer IV and are dysgranular (Fig. 4). The basoventral trend describes 
how layer III shows a more refined sublamination, the deep layers have a higher 
cell-packing density, and layer IV gradually increases anteriorly across orbital 
areas. The mediodorsal trend portrays the same patterns but increasing dorsally 
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across areas. It has been observed that the periallocortex has “a superficial 
molecular layer, a relatively sparsely populated upper layer, and a prominent deep 
layer”. The proisocortex, located rostral and lateral to the periallocortex, has a 
poorly demarcated layer II, no apparent layer IV, and its deep layers have a higher 
density than its superficial layers (Barbas & Pandya, 1989). 
 
Fig. 4. Sketch of the orbitofrontal cortex in 
the macaque monkey with labeled areas 
(Barbas and Pandya 1989). 
 
 
 
 
 
Thus, the OFC consists of agranular (three identifiable layer groups: layer 1, 
layers 2/3, and layers 5/6), dysgranular (four identifiable layers), and granular 
cortices (six layers). But most importantly, these cytoarchitectural changes along 
the OFC occur gradually following trends across the cortex. 
1.1.3 Connections and Functions  
The OFC is known to have extensive and mostly reciprocal connections with other 
cortical areas, especially in the temporal and insular cortices, with the amygdala, 
hippocampus and other limbic structures, and with several subcortical structures, 
including the medial thalamus, ventromedial striatum, claustrum, hypothalamus 
and midbrain (Price, 2006). Recent work has also demonstrated that the OFC and 
medial sectors of the PFC have rich connections with structures that process 
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emotions (Barbas & Zikopoulos, 2006). The OFC is distinctly connected with 
motor cortical regions, primarily premotor areas F5 and F7, and cingulate area 24c, 
which are involved in eye, face, and forelimb movement control. Moreover, it is 
important to note that the neurons of area F5 fire in response to motivationally 
meaningful visual-stimuli and goal-related movements (Cavada et al., 2000). The 
OFC receives inputs from several sensory areas (olfaction, taste, somatic sensation, 
and vision) and appears to integrate them, particularly in relation to the 
assessment of food and reward. The posterior orbitofrontal areas especially, OPro 
and OPAll, have the most multimodal circuits, having a wide range of connections 
preferentially with late-processing sensory cortical areas (olfactory, visual, 
auditory, somatosensory and gustatory).  
The projections from the OFC are organized along a rostrocaudal gradient. 
The strongest connections in the OFC’s circuit with the amygdala, which has an 
important role in emotional processing, involve the posterior sector of the OFC and 
the posterior half of the amygdala (Barbas & Zikopoulos, 2006), (Barbas et al., 
2002). These projections from the posterior OFC to the amygdala target mostly the 
outskirts of its basal complex, where there are small neurons called intercalated 
masses (IM) that are now known to be GABAergic in macaques and other 
mammals and are involved in a cascade of inhibitory connections (Barbas & 
Zikopoulos, 2006; Zikopoulos et al., 2017). “The orbitofrontal pathway to the IM 
appears to have a permissive effect on autonomic centers, allowing the activation 
of hypothalamic and brainstem autonomic centers [as an emotionally charged 
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situation arises].” However, there is another pathway from the caudal OFC to the 
amygdala that performs the opposite function of the latter mentioned, it leads to 
the suppression of hypothalamic autonomic centers. Due to these circuits, Barbas 
and Zikopoulos suggest that the posterior OFC is among the earliest processing 
cortical areas for emotional signals (Barbas & Zikopoulos, 2006). 
    Cytoarchitectonic differences and similarities in areas of the OFC have a 
direct impact on the organization, connections and functions of these regions. In 
1986, Barbas studied the pattern in the laminar origin of corticocortical projections 
to the frontal cortex of the rhesus monkey. In order to do this, she used the 
retrograde transport of horseradish peroxidase (HRP), and her results showed that 
the “laminar origin of corticocortical projections was correlated with the 
architectonic differentiation of the regions giving rise to the projecting afferent 
fibers.” Therefore, Barbas demonstrated that cortico-cortical connections can be 
predicted on the basis of the architectonic features of interconnected areas (Barbas 
& Zikopoulos, 2006). Barbas also concluded that feedback directed projections 
from limbic areas came primarily from deep layers (V-VI) and that projections 
from more differentiated cortices emanated from upper layers (mainly III). She 
suggested that the contribution of layers V and VI to feedback directed projections 
decreases progressively toward regions of greater architectonic differentiation and 
is lowest in regions near or within the primary cortices. Whereas, the contribution 
of the upper layers to these connections increases along the same axes (Barbas, 
1986; Barbas & Rempel-Clower, 1997). 
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In other words, as Cavada et al put it, the connections of granular, 
dysgranular and agranular cortices of the OFC are densest with other granular, 
dysgranular and agranular areas, respectively. For this reason, the eulaminate 
areas with well-developed layer IV in the OFC are mainly connected with other 
eulaminate prefrontal, premotor and sensory areas (somatic, auditory, and visual). 
In contrast, the limbic areas (agranular and dysgranular) are strongly connected 
with olfactory and gustatory cortices, and are primarily linked with other limbic 
areas of the insula and the temporal lobe. Cavada also points out the remarkable 
differences between the connections of the medial and lateral OFC. Areas in the 
medial OFC seem to be primarily connected to posterior cingulate areas, 
retrosplenial cortex, area prostriata, parahippocampal areas, and the 
hippocampus. The lateral OFC has a stronger link to the amygdala than the medial 
OFC, and it is mostly involved with premotor areas, insular cortex, inferior 
temporal cortex, and with sensory areas (gustatory, somatic and visual) (Cavada et 
al., 2000).  
1.2 Calcium-binding proteins in inhibitory neurons: Calretinin, 
Parvalbumin, and Calbindin 
Inhibition in the cortex is mediated through local GABAergic interneurons, 
which can have different morphology, neuronal receptors and efficacy. These 
neurons make up ~21% of all neurons in the human frontal cortex, and in primates 
they can be classified by their expression of the calcium-binding proteins: 
Calretinin (CR), parvalbumin (PV) and calbindin (CB) (Zikopoulos & Barbas, 
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2013). PV labels basket and chandelier inhibitory neurons, which are primarily 
located in the middle layers of the cortex, where they provide strong inhibition on 
pyramidal neurons (DeFelipe et al., 1989a). CB labels several cortical types of 
inhibitory neurons, which are most prevalent in cortical layers 2 and upper layer 
3, and modulate the activity of pyramidal neurons by innervating their distal 
dendrites (Peters & Sethares, 1997). CR inhibitory neurons are found mostly in the 
upper layers (I-IIIa), where they mainly innervate other GABAergic neurons in the 
upper layers (Gabbott et al., 1997). 
2. Aims and Objectives  
The goal of this study was to quantitatively describe the transitional 
dysgranular cortical area in the posterior OFC, which was labeled as area Pro in 
the macaque monkey brain by Barbas and Pandya (1989). The cytoarchitectural 
description of this region, including the population percentages of inhibitory CR, 
PV and CB neurons is important for the study of OFC connections because the 
laminar microenvironment has an effect on synaptic interactions through 
pathways in functionally distinct OFC networks. Therefore, a cytoarchitectural 
characterization from an unbiased quantitative perspective would allow us to view 
trends in the densities of the neuronal population along the cortex, as well as in its 
CR, PV and CB sub-populations. Analyzing these populations of inhibitory neurons 
would let us see if there is a change in the balance of excitation and inhibition along 
the dysgranular cortex of the posterior OFC. In this way, we can predict patterns 
of connections in future studies, which would ultimately enhance the 
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understanding of the pathways and functions of this very complex area.  
3. Methods 
3.1 Experimental Design 
We used prefrontal post-mortem brain tissue from 3 neurotypical 
individuals (female: 2) and performed stereological analysis with 3 coronal 
sections per staining method (Nissl, PV, CB, CR) from the left hemisphere of each 
case. Three different regions of interest (ROIs) in each of the sections were selected 
and labeled based on their location: lateral, central and medial. The position of 
each of the columns is the same or in an adjacent area as the others in the same 
category. We estimated the cellular densities of neurons, glia, and PV, CR and CB 
neurons in each column using unbiased stereological methods in order to describe 
gradual changes along the mediolateral axis.   
3.2 Human post-mortem brains and tissue preparation 
We analyzed prefrontal cortex sections from cases 3176, 2178, and HCD 
(details in Table 1) throughout this study.  
 
Table. 1 Case Information Summary 
Case Sex Age Cause of Death 
3176 Female 67 Pancreatic Cancer 
2758 Female 58 Pancreatic Cancer 
HCD Male 38 Cardiopulmonary Arrest 
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Brains were obtained from the Harvard Brain Tissue Resource Center 
(Autism Tissue Program), the Institute for Basic Research in Developmental 
Disabilities, and the University of Maryland Brain and Tissue Bank. Brains were 
fixed by immersion in 10% formalin and sliced in coronal slabs of 1 cm thickness 
(Fig. 5B). Blocks containing the areas of interest were separated, cryoprotected, 
frozen and cut in the coronal plane using a microtome (Precisionary VF-700, 
Precisionary Instruments Inc., Greenville, NC, USA) at 50 or 75 μm to produce 10 
matched series  (Fig. 5E) (García-Cabezas et al., 2016). 
Fig. 5 Human 
post-mortem left-
hemisphere and 
block preparation. 
(A) Left Hemisphere 
(Case HCD) (B) Left 
Hemisphere cut into 
1cm slabs (prefrontal 
slabs are within the 
red and blue 
rectangles) (C) Slabs 
(within red rectangle 
of B) divided into 
dorsal, ventral and 
anterior blocks (D) 
Divided  blocks of 
slab within blue 
rectangle  (E) Ventral 
block being cut using 
microtome. 
  
 
 
 
12 
3.2.1 Nissl Staining  
In order to estimate the population density of neurons, astrocytes, 
oligodendrocytes and microglia, we stained series of sections for Nissl, which 
stains all neurons and glia and allows their distinction (García-Cabezas et al., 
2016). Series of sections of human PFC were mounted on gelatin-coated slides 
(Gelatin Type A, G8-500, Fisher Scientific, Fair Lawn, New Jersey, US) and stained 
for Nissl using thionin blue (Thionin powder, T-409, Fisher Chemicals). Briefly, 
sections were dried, defatted in a 1:1 solution of chloroform (C298-1, Fisher 
Scientific) and 100% ethanol (Pharmco-AAPER, Brookfield, Connecticut, US) for 
1 to 3 hours, rehydrated through a series of graded alcohols and dH2O, stained 
with 0.05% thionin (pH 4.5) for 15 minutes, differentiated through graded 
alcohols, cleared with xylenes (UN1307, Fischer Scientific), and coverslipped with 
Entellan (Merck, Whitehouse, New Jersey, US)  (Zikopoulos et al., 2018). 
3.2.2 Immunohistochemistry 
We used immunohistochemical methods to stain for CR, PV, and CB to label 
classes of inhibitory neurons. Series of sections were used for 
immunocytochemical staining of PV, CB, and CR. Free-floating 50μm thick 
sections were washed (3 × 10 min) in 0.01 M of phosphate buffered saline (PBS, 
pH 7.4) and placed in 10% horse serum (PV and CB) or 10% goat serum (CR) for 1 
h. They were then rinsed in 0.01 M PBS (3 × 10 min), placed in a 0.01 M PBS 
solution containing the antiserum for either PV, CB or CR (PV dilution 1:3000; CR 
and CB 1:2000) and incubated for 72 h at 4°C with gentle agitation. Sections were 
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then rinsed (3×10min) in 0.01M PBS and processed for immunocytochemistry 
according to the instructions in the Vector ABC kit (Vector Labs, Burlingame, CA). 
Sections were placed in a 0.01 M PBS solution containing either anti-mouse IgG 
(PV and CB, Vector Labs BA-2000) or anti-rabbit IgG (CR, Vector Labs BA-1000) 
and incubated for 2 h at room temperature, then rinsed (3 × 10 min) in 0.01 M PBS 
and placed in the avidin-biotin-HRP complex for 90 min at room temperature. 
Sections were rinsed twice (10 min each) in 0.01 M PBS and once in 0.1 M PB (10 
min), placed in a solution containing 0.05% 3,3′-diaminobenzidine (DAB) and 
0.03% hydrogen peroxide in 0.1 M phosphate buffer for 3 min, then rinsed in 0.1 
M PB (3 × 10 min) and mounted on gelatin-coated slides (Dombrowski et al., 2001; 
Garcia-Cabezas et al., 2017). 
3.3 Stereology 
Stereology is a set of methods that are used to ensure rigorous quantitative 
analysis of the size, shape, and number of objects in an area. The 
StereoInvestigator’s optical fractionator was the stereology probe used throughout 
this study, it estimates the number of cells in a given volume. In this probe, sub-
volumes are sampled and then are extrapolated to arrive at an estimate of the 
entire cell population. Disector counting rules are followed to avoid 
overestimating, and an oil objective lens is employed for imaging, since fine z-
resolution is needed to find the leading edge of the cell and to have enough focal 
planes to determine if it is in the dissector. The counting was performed in each of 
the six cortical layers in the three previously mentioned columns. We counted PV, 
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CR and CB neurons at 400x (Fig. 7) and Nissl-stained neurons and glia at 1000x 
(Fig. 6) using systematic random sampling. The disector size for PV, CR, CB 
neurons was 220μm and for Nissl-stained neurons and glia was 60μm. All cells 
were counted if their nuclei fell within the counting frame or touched the two 
acceptance lines but not the two forbidden lines (Howard & Reed, 1998). 
The coefficient of Error (Gundersen), m=1 was less than 10% for the 
combined upper (1-3) as well as for the deep cortical layers (4-6) in all of the 
studied cells. Neurons, astrocytes, oligodendrocytes, and microglia in the assigned 
lateral, central, and medial columns (figs. 10-12) were counted at a 6% sampling 
rate. Their relative densities were calculated by dividing the estimated number of 
counted cells with the estimated volume of each column, and their packing 
densities by dividing the estimated number of counted cells with the estimated 
volume of each layer. The section evaluation interval in case 3176 was 20, in case 
2758 was 10, and 13.3 in HCD. 
3.3.1 Cytology  
Neurons and glia were identified using the algorithm by (García-Cabezas et 
al., 2016), which is based on the fact that Nissl-staining allows the distinction 
between the nuclei of neurons, astrocytes, oligodendrocytes and microglia. 
Neurons (Fig. 9A-G) have different shapes and sizes and are characterized by their 
visible nucleolus and the cytoplasm around the nucleus. Astrocytes have peripheral 
heterochromatin (H), oligodendrocytes are rounded and darkly stained (I & J), and 
microglia are also darkly stained cells but have different shapes (K-M). 
 
 
 
15 
 
Fig. 6. Nissl-stained neurons and glia. (A-G) Neurons. (H) Astrocytes. (I & J)  
Oligodendrocytes. (K, L, M) Microglia. 
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Fig. 7. Calbindin, calretinin and parvalbumin stained inhibitory neurons. (A, 
B, C) CB stained neurons. (D, E, F) CR stained neurons. (G, H, I) PV stained neurons. 
 
4. Results 
4.1 Gross anatomy of the orbitofrontal cortex  
 Our area of interest is labeled in fig. 8, along with the principal OFC areas 
and sulci that surround it. The medial orbital sulcus (MOS) and the lateral orbital 
sulcus (LOS) are the most important landmarks for our 3 regions of interest 
(ROIs).  
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Fig. 8. Major sulci and cortical areas proximal to our area of interest. (A) Sulci 
and cortical areas proximal to our area of interest (orbitofrontal cortex of case 2758) (B) 
Sulci that landmark our three regions of interest within area of interest in 8A. (Coronal 
slab of the prefrontal cortex of case 2758). Sulci were labeled following the magnetic 
resonance images of the orbitofrontal cortex by Petrides & Mackey, 2006.   
 
 
4.2 Qualitative observations of orbitofrontal cytoarchitecture 
In line with previous findings by Beck, we found that layer IV becomes less 
distinct and smaller in width in the posterior areas of the OFC and becomes 
agranular in the most posterior cortices. This trend can be seen in the 3 
cytoarchitectural representations depicted in figure 9, which shows the 
cytoarchitecture of an anterior, central, and posterior block of the OFC, 
respectively. This study, however, focuses on the sections per case that correspond 
to those that were collected from block 10 (Fig. 5C) of case HCD. It is important to 
point out that the third cytoarchitectural representation in figure 9 is agranular, 
layer IV is not distinct, and is located posterior to the transitional cortex we are 
analyzing in this study.  
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Fig. 9 Cytoarchitecture along the OFC: representations of an anterior, central 
and posterior area. The laminar architecture on the left is in an anterior block, the one 
in the middle is in a central block, and the one on the right is in a block that is posterior to 
the one analyzed in this study (Case HCD). (Block numbers according to Fig. 5C)  
*=lack of layer IV 
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4.3 Quantification of orbital cytoarchitecture 
Mediolateral Axis 
We performed unbiased quantification in order to compare cell density 
populations across the mediolateral axis. This was done by counting neurons and 
glia in our selected regions of interest in 3 sections per case. Each of the sections 
used and their labeled ROIs can be found in figures 10-12.  
 
Fig. 10. Coronal sections 
of case 2758 with labeled 
regions of interest 
a. Lateral b. Central c. 
Medial 
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Fig. 11. Coronal sections of case HCD with labeled regions of interest 
a. Lateral b. Central c. Medial 
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Fig. 12. Coronal sections of case 3176 with labeled regions of interest 
a. Lateral b. Central c. Medial 
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Figure 13 shows the labeled layers of the lateral, central and medial ROIs of 
case 3176. The ROIs of case 2758 and HCD have a comparable cytoarchitecture to 
the ones found in figure 13. All of the ROIs accounted for had a narrow layer IV, 
which can be seen in the lateral, central and medial ROIs (Fig. 13).  
   
Fig. 13 Nissl-stained labeled regions of interest (Case 3176) 
 A. Lateral B. Central C. Medial 
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The average relative density of neurons per mm3 in the three cases studied 
was 46,091 in the entire lateral ROI, 43,773 in the central and 31,997 in the medial 
one (Fig. 14).  
 
Fig. 14. Relative density of neurons and glia in layers 1 to 6 
L: Lateral, C: Central, M: Medial 
 
The density of neurons in the lateral ROI is 5% higher than in the central 
and 31% higher than in the medial. The upper (II-III) (Fig. 15) and deep layers (IV-
VI) (Fig. 16) have a similar trend, showing a slightly higher neuronal density 
laterally. The packing density of neurons in the upper layers (Fig. 17) also increases 
laterally for all cases and the same is observed in the deep layers (Fig. 18). It is 
important to note that differences in densities between the central and medial 
ROIs is higher than between the lateral and central ROIs. We found that the 
neuron-packing densities per mm3 of the granular layers II and IV are higher than 
those of the other layers, and that layer II’s is slightly greater than IV’s.  
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Fig. 15. Relative density of neurons and glia in layers 2 and 3 
L: Lateral, C: Central, M: Medial 
 
 
 
Fig. 16. Relative density of neurons and glia in layers 4 to 6 
L: Lateral, C: Central, M: Medial 
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Fig. 17. Packing density of neurons and glia in layers 2 and 3 
L: Lateral, C: Central, M: Medial 
 
 
Fig. 18. Packing density of neurons and glia in layers 4 to 6 
 (L: Lateral, C: Central, M: Medial) 
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Moreover, the lateral and central ROIs’ average packing density was higher 
than the one found in the medial ROI in each of the layers, as shown in fig. 19B. 
Fig. 19. Average laminar density of neurons in the lateral, central and medial 
regions of interest. (A) Average relative laminar density of neurons (B) Average 
packing laminar density of neurons 
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The astrocytes’ average relative density per mm3 in layers 1 to 6 in the lateral 
column was 18,728, in the central 18,053, and 12,533 in the medial column (Fig. 
14). The population of astrocytes in the lateral column is only 3.6% greater than in 
the central and 33% higher than in the medial. The upper and deep layers show a 
similar trend, in which the lateral and central ROIs’ population is slightly higher 
than the medial one. Furthermore, unlike with neurons, the astrocyte-packing 
density computed for each layer did not show an important difference across the 3 
columns. 
The average relative density of oligodendrocytes per mm3 is 16,341 in the 
lateral ROI, 15,877 in the central and 13,307 in the medial. The population of 
oligodendrocytes in the lateral ROI is 2.8% greater than the one in the central and 
19% higher than the population in the medial. There was not a remarkable 
difference across columns when analyzing the superficial and deep layers’ separate 
relative densities. However, the oligodendrocyte-packing density computed for 
each layer showed a significant increase (~10,000) in the lateral ROI, specifically 
in layer IV, when compared to the central and medial columns, as it can be seen in 
figure 20. 
The relative density of microglia per mm3 in the entire lateral ROI is 27,398, 
in the central is 22,951, and in the medial is 19,362. The population of microglia in 
the lateral ROI is 16% greater than the one in the central and 29% higher than the 
population in the medial. The upper and deep layers alone present a similar 
pattern, and as with astrocytes, the microglia-packing density computed for each 
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layer did not show a remarkable difference across the 3 ROIs. 
  
Fig. 20. Average laminar relative density of oligodendrocytes in the lateral, 
central and medial regions of interest.   
 
 
 
 
 
29 
4.4 Calretinin, parvalbumin and calbindin inhibitory neurons: 
Qualitative observations 
 
Calretinin Neurons: We observed from our 3 regions of interest, which are 
shown below, that the population of calretinin neurons is higher in the lateral and 
central ROIs than in the medial one. We can also see that the majority of CR 
neurons are located in the upper layers (I-IIIa) in all ROIs, but that they can also 
be distinctly recognized in the deep layers. 
 
Fig. 21. Calretinin staining in the regions of interest (Case 3176) 
A. Lateral B. Central C. Medial  
 
 
 
30 
Parvalbumin Neurons: As expected, we observed that they are primarily 
located in the middle cortical layers, which is highlighted by the plexus that arises 
in layers IIIb and IV. However, unlike with CR neurons, the difference in the 
population of PV neurons across our 3 ROIs is not clear when comparing them 
qualitatively. 
 
Fig. 22. Parvalbumin staining in the regions of interest (Case 3176) 
A. Lateral B. Central C. Medial 
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Calbindin Neurons: We observed from our 3 regions of interest that CB neurons 
are mainly located in layers II and III. Nevertheless, similarly to PV neurons, CB 
neurons do not show a remarkable difference in population across our 3 ROIs.  
 
Fig. 23. Calbindin staining in the regions of interest (Case 3176) 
A. Lateral B. Central C. Medial 
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4.5 Calretinin, parvalbumin and calbindin inhibitory neurons: 
Quantitative findings  
Calretinin  
    Along the mediolateral axis, the average relative density of calretinin neurons 
per mm3  in layers I to VI is higher in the most lateral ROI (4,981) than in the most 
medial ROI (3,581) (Fig. 24). The average population of CR neurons in the lateral 
ROI is 9% greater than the one in the central, and 28% higher than the population 
in the medial ROI. As expected, the relative and packing densities of CR neurons 
was significantly higher in layers I-III than in layers IV-VI (Figs. 25-28). In the 
analysis of the upper layers (I-III), the population of the CR neurons seems to 
decrease medially across the columns. However, in the deep layers (IV-VI), this 
trend is not followed.  
Parvalbumin  
    The average relative density of parvalbumin neurons per mm3 in layers I to VI is 
slightly higher in the lateral ROI (2,041) than in the most medial one (1,848) (Fig. 
24). The average population of PV neurons in the lateral ROI is 0.5% greater than 
the one in the central, and 9.5% higher than the population in the medial ROI. The 
relative and packing density of PV neurons was slightly higher in layers I-III than 
in layers IV-VI (Figs. 25-28). 
Calbindin  
The average relative density of calbindin neurons per mm3 in layers I to VI 
is higher in the lateral ROI (1,445) than in the most medial ROI (1,162) (Fig. 24). 
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The average population of CB neurons in the lateral ROI is 20% greater than the 
one in the medial ROI. As expected, the relative and packing densities of CB 
neurons was slightly higher in layers I-III than in layers IV-VI (Figs. 25-28).  
 
* Fig. 24. Relative density of inhibitory neurons in layers 1 to 6  
L: Lateral, C: Central, M: Medial 
 
 
 
* Fig. 25. Relative density of inhibitory neurons in layers 2 and 3  
L: Lateral, C: Central, M: Medial 
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* Fig. 26. Relative density of inhibitory neurons in layers 4 to 6  
L: Lateral, C: Central, M: Medial 
 
 
 
 
 
 
* Fig. 27. Packing density of inhibitory neurons in layers 2 and 3  
L: Lateral, C: Central, M: Medial 
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* Fig. 28. Packing density of inhibitory neurons in layers 4 to 6 
L: Lateral, C: Central, M: Medial; * = Graph does not include Case 2758’s CR & CB 
central column 
 
 
4.6 Percentage of types of inhibitory neurons 
The percentages of CR, PV and CB inhibitory neurons in each ROI were 
calculated by dividing the estimated density of each inhibitory neuron type by the 
previously computed density of total neurons per mm3. As mentioned above, 
calretinin neurons were found to be the highest in density per mm3. On average, 
11% of the total amount of neurons were CR, 5% PV, and 2.3% CB. Our results 
suggest that inhibitory neurons make up around 18.3% of the total neuronal 
population, which is comparable to our expected value, 21%. 
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*Fig. 29. Percentage of CR, PV and CB inhibitory neurons along the 
mediolateral axis; L: Lateral, C: Central, M: Medial 
 
4.7 Analysis of the anteroposterior Axis 
The 3 sections analyzed per case were labeled according to their location 
(anterior, central and posterior). We didn’t observe differences in density 
populations across sections. 
5. Discussion 
 
As seen above, the neuronal population density increases laterally across 
the orbital cortex and the population of oligodendrocytes shows the same trend. 
Thus, we could suggest that there are more neurons and oligodendrocytes in more 
granular cortices. Furthermore, we noticed that the density of astrocytes is higher 
in the upper layers (I-III) than in the deep layers (IV-VI) and that the opposite is 
true for oligodendrocytes, which show a higher density in the deep layers.  It was 
 
 
 
37 
also found that in layers I-VI, microglia are the most numerous glia, followed by 
astrocytes and oligodendrocytes, and we obtained a neuron: glia ratio of 1:1.4. 
However, the density of microglia in humans is not reliable due to the fact that they 
are macrophages involved in immune response, so their density population is 
bound to vary from case to case.   
Nevertheless, the most important factor of the observed trend in the neuron 
density is that even if the change across the mediolateral axis is gradual, there is a 
higher decrease in density between the assigned central and medial ROIs (27%) 
than the one computed between the lateral and central ROIs (5%). Thus, it can be 
suggested that the neuronal density drops in an important manner in the medial 
orbital gyrus. Interestingly, this phenomenon can be explained with Beck’s 
observations. In 1949, she recognized that there is a small gradual transition area 
between the middle and posterior third of the medial orbital gyrus (MOG). This 
narrow region borders a wider transitional cortex laterally, a more granular cortex 
anteriorly, and an agranular cortex medially and posteriorly, which shows that this 
cortical sector undergoes cytoarchitectural changes within a very small area. Thus, 
the results of this study align with Beck’s qualitative analyses. For this reason, we 
can conclude that the wider transitional area that Beck recognized between area 47 
anterior and 47 posterior is around 30% more dense than the narrower and more 
medial transitional zone (Beck, 1949). The lateral ROI’s neuronal density is 31% 
higher than the one observed in the medial ROI. The fact that there is about the 
same percentage difference between these two ROIs in the oligodendrocyte 
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population serves as further evidence that there is around a 30% decrease between 
the neuronal population density in the lateral orbital gyrus (LOG) and the one in 
the medial orbital gyrus (MOG) along the transitional cortex of the posterior OFC. 
Among the inhibitory neuron types studied, the total relative density of 
calretinin neurons in layers I-VI was the highest, which we were also able to 
conclude qualitatively. The density of parvalbumin neurons was the second 
highest, and the density of calbindin neurons was the lowest. The same pattern was 
observed when analyzing the relative and packing densities in layers II-III. 
Nevertheless, in layers IV-VI, the total relative and packing density was the highest 
for PV neurons.  
It is important to note that the density of calretinin neurons decreases 
medially, and that the difference in neuronal densities between the lateral and 
medial ROI is 28%. The same trend is seen in parvalbumin and calbindin neurons, 
except that the difference in densities between the lateral and medial ROIs is less 
pronounced, 9.5% for PV and 20% for CB. Thus, it can be concluded that 
disinhibition (CR neuron function) (Gabbott et al., 1997), decreases medially along 
the transitional dysgranular cortex at a comparable rate to the one in which the 
density population of all neurons decreases. Modulatory activity (CB neuron 
function) (Peters & Sethares, 1997) decreases in the same fashion, but a lower rate. 
Lastly, strong inhibition (PV neuron function) (DeFelipe et al., 1989b) seems to 
also decrease medially but at a much lower rate.  
In this study, we also found that even if the densities of calretinin, 
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parvalbumin and calbindin neurons decrease medially, the percentage of CR 
neurons is around 11% in all ROIs, the percentage of PV neurons is about 5%, and 
the percentage of CB neurons is 2.3% of the total estimated population of neurons. 
This means that around 18.3% of all neurons were found to be inhibitory, which is 
comparable to the 21% that was expected. Therefore, we observed that there is a 
balance of excitation and inhibition along the dysgranular cortex of the posterior 
OFC.  
6. Conclusions 
We found that there is a higher neuronal density laterally across the cortex, 
which implies that more granular cortices have a higher neuron-density. 
Moreover, since laminar patterns predict connections, it can be concluded that 
cortices with a higher neuronal density interact heavily with cortical areas that 
have a comparable density. We also noticed that the ratio of the estimated 
population density of neurons in layers IV-VI to the neuron-density in all 6 layers 
is slightly higher in the medial column than in the lateral one. This factor aligns 
with Barbas’ conclusions, which suggest that frontally directed connections from 
less differentiated cortices emanate primarily from layers V-VI. This can also be 
supported by the fact that the estimated oligodendrocyte-density in the posterior 
OFC is higher in the deep layers. Lastly, we observed that there is a balance of 
excitation and inhibition along the dysgranular cortex of the posterior OFC. This 
balance is functionally important since cytoarchitectural patterns predict 
connections and it has been shown to be affected in disorders like autism.  
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